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NATIONAL ADVISORY COMMITTED FOR AERONAUTICS 

TFCHNICAL ROTE NO, 957 

TRE STREBGTH OF SBMIELLIPTICAL CYLINDERS SURJBCTED TO 
. 

COMBINED LOADINGS .- 

By 3. E. Sechler and J. L. Frederick 

The present report covers tests made on elliptical cyl- -__- 
inders with a center support which were subjec'ted. to-various -. .- 
simple and combined loadings. The tests yielded a series of 
interaction curves for combined loadings on such cylinders ---:L.= 
which should bo useful in wing nose section analysis. ~- 

i -._ 
.-:L .--? 

_. .._ --- - - ..;- 

IXTRODUCTIOS 

The primary object of this research project was the de- 
termination of design criteria for the nose sections of air- 
plane wings. Since the nose portions of most wing sections .--; 
can be approsimated fairly closely by portions of ellipses,‘- -* --: 
it was decided to use unstiffened elliptical cylinders for-.-‘--- - .i 
test specimens in this research. These cylinders were de- 

.--- signedin such a way that the boundary restraints of the 
.z - 

-- 
sheet simulated the boundary restraints prossnt in the sheot 
covering of an actual wing nest section. 

- c - _- --..--.-- - --_ __ ---= 
--. - -. -: ;- -.. .- .- 

The physical parameters tested were: - --- 

1. The degree of ellipticity E - that is, the ratio 
of the semimajor to the' semiminor aicis of the 

---T ------_I_ 
ellipse -- -- 

L__ ----- __ 
3.. Tho length of the cylinder L, usually expressed as .- 

a suitable dimensionless parameter --.-_- ; 
.= 

3. The thickness of the sheet covering t, usually QX- 
pressed as a suitable din6nsionless parameter - ---X5 - --.-- 

RESTRICT'XD _ ---- -.. , - ^- .-YL 
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The loading conditions to which the cylinders were sub- _ - 
jected were as follows: 

.--. 

1. Pure torsion .- 

2. Pure bending ---- --- --- ... --- .- 
3, Pending plus torsion 

4. Pending plus vertical shear -. 
._ - 

In all cases, the bending moments and the shears were ap- 
plied in the plane of the minor axis of the section, 

This investigation, conducted in the Structures.Labora- ._.. 
tory of the Guggenheim Seronauticz' Iab!ratcrlT of the Cali- .---_ fornia Institute of Technolo,<y, W&Y sp~nsorzd b,v and-con; 
ducted with the financial assistance of the Uational Advi: 
sory Committoe for Aeronautics. 

SYMBOLS 

A 

as 
a 

b 

El 

F 

IC 

b 

- Is 
I 

area enclosed by cylindrical shell (Cylinder cross- 
sectional area), square inches.. .. .---- 

cross-sectional Fire?. of sheet making up cylinder but 
neglecting ~'3vdr ylat es, . square inches - .1--- 

semimajor axis. of 9Lliptical part .of specimen (Also 
used as radius of circular -cylinders), inches . . . -- -.- . . 

-- 

semiminor axis of elliptical part of specimen, inches 

modulus of elasticity of material (Taken as 10.3 X 
10' psi throuy&out report) .-- 

shear load at buckling which, acting at lever arm 1, 
causes bendtng moment. mb = F1, pounds -- 

moment of inertia of cover plates about specimen neu'- 
tral axis, inches* _ ._ : _. --4 

moment of inertia of sheet covering of specimens about - 
specimen neutral axis, inches4 

.- 
-- -- 

- 
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It = Is + L total moment of inertia of specimen, inches* 

K a nondimensional bending stress def.ined as K = - . Et 
L length of cylindrical specimens between end supports, 

inches ---_ 
_. .- 

2 lever arm for applied shear load, inches 

M bending moment carr:ed by sheet only (excluding that 

carried by cover plates), inch-pounds? = m -$) 

m bonding moment applied to ssocimcn, inch-pounds 

bending moment carried by sheet only at buckling, - 

inch pounds l'b = mb Is\ 
It / .-- -- - 

mb 

Mt 

bending moment applied to specimenat buckl-&ng, inch- 
l)ounds 

torsional moment carried by sheet only, inch-pounds 
(Assuming that the contribution of cover sheets is 
negligible, Mt = m,,) .._- 

mt 

mtb 

mt U 

applied torsional momont, Inch-pounds --- ---.---~ 

MU 

mU 

t 

!! E 

applied torsional moment at buckling, inch-pounds 

applied torsional moment at specimen failure, inch- 
pounds 

.-.__ -- -.-.~ 

bending moment carried by sheet only at failure, inch- 

pounds 
( 

Mu = m L 
u It 

ap!plied bending moment at specimen failure, inch-pounds --- :.. _ -. 

thickness of sheet covering, inches 

degree of ellipticity of elliptical part of specimen - 
that is, - ratio of semimajor to semfminor axis of 
ellipse (E = a/b) -. .- 

-__ I 

bP0 

- .-’ 
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maxi,mum radius of curvature of elliptical part of .- 
specimen, inches 

maximum bending stress at buckling correspon.ding to .._ 
Mb , Psi 

_.... -- 

maximum bending stress corresponding to moment sup- .__ 
ported by a cylindrical specimen immediately after 
buckling takes place, psi 

maximum bending stress at buckling due to pure bending - ...-_- 
that is, no other applied loads, psi 

maximum bending stress at failure of specimen, psi 

ultimate tensile strength of material, psi 

yield stress of material (0.2-percent offse-t), psi 

torsional shearing stress, psi 

torsional shearing stress corresponding to mtb, psi 

torsional shearing stress corresponding to for 
pure torsion, psi .mtb -_ 

direct avorage shearing stress at buckling correspond- ..~ .----_. 
ing to P, psi - .-..- 

torsional shearing stress corresponding to .mtu, psi _ .- 

torsional shearing stress corresponding to mt for 
case of pure torsion, psi U 

EXPERIMENTAL TECHNIqVE 

Material and Material Tests 
- 

Since it is a very commonly used aircraft structural . .- 
material, 24S-T aluminum alloy was chosen for the purposes 
of the experimental investigation. This material was ob- 
tained in nominal sheet thicknesses ranging from O.OlO.to -.-.--- 
0,040 inch. Despite the relatively large deviations from 
the nominal dimensions of the sheet suppliod during t.he 
course of the research program, the individual sheets them- 
selves were reasonably uniform. 
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. Random 
of material 

samples were selected from the various shipments 
in an effort to obtain representative pr0perti.o~ 

of the actual material used in the construction of tho test - 
-.- 

specimens. The tosting of thsso samplos was- fimitod to that._ 
of tension only* since tho most important -property dosirod 
was that of the modulus of elasticity E, which was assumed 
to be the same in tension and compression. 

These material tests were conducted in a standard 
Riehle testing machine having a maximum rated capacity.of. 
3000 pounds. Strain measurements were made by means- of-‘-. 
Huggenberger type extensomoters having a magnification of 

._._.._-__ 

approximately 300 times. Typical tonsilo stress-strain 
curves are presented in figure 1 and a complete summaryo-fP _. -. 
test results is given in table I, from which Figure 2 has 
been plotted. The scatter of experimental-points in figure -- 
2 may be attributed to variations in the material itself and-- 
to the limitations imposed upon the attainable accuracy, by - 
the experimental procedure used. 

Inspection of figure 2 indicates that the modulus of 
elasticity E is substantially independent pf the direction 
of loading relative to the sheet grain, and has an average 
value of 10.3 X lo6 psi. The ultim-ate tensile stress. cuts 
is slightly less across the grain than with the grain; while 
the difference in the defined yield stress (ov c 0.2 percent 
offset in the initial gage length) is more,ma-rked. The av- 
erage values and variatians of tensile proport~es--wit~~~n~-__ 
direction aro in agrocmcnt with previously publishod rb&itt -- - 
(See rcforoncos 1 and 2.) Whilo of gcnoral intorest, thesd 
variations are of secondary importance to the basic research - 
project, since buckling of the test cylinders occurs at 
stresses considerably below the defined yield point. 1 -. 

Test Specimens 

E 

The specimens consisted of two semielliptical (0~ ssmi- 
circular) sogmonts of sheet supported ,and clamped at the'-- 
ends of the minor axis of the ellipse, thus simulating two 
wing nose sections mounted to a common spar and test.ed as a - 
unit. (See fig. 3a. > It was at first thought.poss.ib.1.e to - ~ 
use a F!agner spar as a means of providing the required-beam -' .- _. -:-_ 

--..- * *Approximate compression properties may be-.o.btained.-if.._- _ 
desired by USQ of table I-l of referonce 1. .- 

----- ..- 
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support and to subtract the effect of this spar in order to 
determine the net-load-carrying properties of the curved 
sheet alone. after several tests had been completed under 
different loading conditions, it was decided that the pres- 
ence of a spar having relatively large bending and shear 
rigidities made it very difficult to obtain accurate and re- 
liable results of the net strength of the sheet covering, 

It was therefore decided to replace the Wagner'type 
spar by the system of vertical spacer blocks illustrated in 
figure 3b. The spacer blocks were joined by a series of 
loose links in such a manner that relative motion in all 
directions was possible. This completely eliminated the 
difficulty of shear rigidities and reduced the problem of 
the bending rigidity to a minimum. in order to prevent 
buckling of the sheet covering between spacer blocks, cover 
slates were placed above and below the' junctions of the two 
semiellfgtical sections of sheet. The thickness of these 
cover plates was so chosen that they would have a slightly 
higher buckling load than that of the curved sheets. It can 
be readily seen that this means of support would contribute 
only negligibly to the shear and torsional strength of the 
specimen, and would carry a definite, calculable amount Of 
bending moment. 

At the ends of the specimen were l-inch-thick steel 
plates having the cross section of the desired ellipticity, 
with the addition of a 2-inch rectangular center section to 
which was attached the above-mentioned support and cover 
plate system. These end plates served a tw.ofold purpose: 
namely, 

1. They held the ends of the sheet covering to the 
correct contour. 

2. They provided a convenient means of attaching the 
spsclinen to the testing machinos. 

Yith regard to the first item, the sheet was firmly held to 
the end plates by l/4-inch bolts which scro?qed into tapped 
holes, spaced 1 inch apart around the circumference of the 
specimen. For specimens where the failing stresses were 
quite high, stuol bands having the shapo of the end plates 
were placed between the bolt heads and the sheet to distrib- 
ute the clamping loads of the bolts and to prevent interbolt 
buckling. A photograph of the assombled specimens is shown 
in figure 3~. 



In the actual assembly of the specimens, considerable 
care was taken to avoid soft s-pots or wrinkles in the sheet 
covering and to insure that each specimen was as accurately 
formed as possible. There were several unavoidable in- 
stances when compliance with the abovo conditions was not 
obtained and, thsroforo, tho validity and the consistency of 
the rosults of such tests wore critically considcrod and the 
test results discarded when that was deemed advisable. 

All the specimens tested had a depth (equal to twice 
the length of the semiminor axis) of approximately 6 inches, 
the degree of ellipticity being obtained by variations in 
the length of the semimajor axis. The ellipticities were 
1.0, 2.0, and 3.0; while the length of the specimens ranged 
from 1.0 inch to 34.0 inchn8a. These variations, in conjunc- 
tion with the three nominal sheet thicknsssos tostod, 0,010, 
0.016, and 0.020 inch, reduoed the program to a systematic 
investigation of the effect of the geometry of the test 
specimens on the load-carrying abilities of the specimens. 

Tost Apparatus and Testing Procedure 

Because of the various loading conditions decided u?on 
for investigation, it was necessary to use several different 
testing machines during the course of the experimental pro- 
gram. Each of thoso machines will be discussed separately 
in conjunction with the description of the loading condi- 
tions for which they wore used. 

The greater part of the pure torsion test Program was 
conducted on a standard Olsen torsion-testing machine (see 
fig. 4). having a maximum rated capacity of 50,000 inch- 
pounds. As shown in this figure, a dat,achable loading jig 
consisting of a length of H-beam and a section of steel 
shafting was used to transmit the torsional moment from the 
jaws of the testing maohine to the end plates of the test 
specimen. &ring the majority of these tests, angular de- 
flection measurements were taken over a portion of the 
length of the specimen, and were used to obtain a cheek of 
the buckling load determined from visual observations, since 
the point of buckling was marked by a change in the slope Of 
the load-deflection curve. 

The romaindor of the pure torsion, all tho pure bending, 
and all the bending-plus-torsion tosts were carried out in 
the bonding-torsion machine shown in figure 5. In tho cases 
of the pura torsion and bonding-plus-torsion tests made in 
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. 
this machine, angular deflection measurements were taken as 
before. In conjunction with the pure bending and bending- 
plus-torsion tests, oxtensomoter roadings woro taken on both 
the tension and compression sides of each test specimen in 
order to obtain the stress distribution in the specimen, 
both before and after buckling of the shoot oovoring had 
taken place. 

The roquiromonts of testing with a vido rango of ratios 
of bonding momonts to vertical shear forces in tho bonding- 
plus-shear tests nocossitatod a special tasting machino. 
This machine is shown in figure 6 and the working parts COP- 
sist of a fixed face plate, shown to the right in this fig- 
ure, and a movable face plate, to which is attached the head 
of the loading arm. The specimen to be tested was placed 
between and bolted to this pair of face plates. In order to 
eliminate any tare loads from acting on the spocimon during 
the testing operation, the loading arm and the movable face 
plate unit were counterweighted through a knife-edge lover 
system, which was so dosigncd as to ba indopondont of tho 
amount of deflection of the loading arm. Thus, the loading 
arm was made floating with respeot to the specimen. Por- 
tions of this counterweight system may be seen in the fig- 

-.- 

ure. The variation of the bending-to-shear ratio was accom- 
plished merely by shifting the point of load application 

. along the length of the central. loading arm. During the 
bending-plus-vertical shear tests, extensometers Ivere again 
mounted to the specimens in order to obtain an experimental 
value of the strossos in tho specimen. 

Sheet thicknesses were measured on a thickness gage 
reading to ~0.0002 inch. These measurements were mado at 
sovoral points on tho individual shoots usod in each spoci- 
men, and since the variations were small for any one sheet, 
the average sheet thickness was racorded for tho purpose Of 
subsequent calculations. In some of tho earlier tosts, tho 
sheet thiokness that was used was the nominal thickness and, 
while this can have no marked effect on the validity Of the 
results presented, it can bo noticed in tho tabular data and 
thoroforo has boon montionod. 

A EXPEBIME~YTAL BESULTS 

In all discussions which follow, the cylinders referred 
to as semielliptical or semicircular were those having a 
f ixea support, such as is shown in figure 3, at the ends Of 
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the minor axis. Cylinders referred to as circular or ellip- 
tical are sheet structures with no support other than that 
applied at the ends of the specimen, 

Pure Torsion of Semicircular Cylinders 

Since the problem of the strength of circular cylinders 
under pure torsion has been extensively covered both theo- 
retically.and experimentally (see references 3 and 41, it 
was decided to test first the semicircular and semielliptical 
cylinde'r in pure torsion. As in the case of the circular 
cylinders, the buckling load of the semicircular cylinders 
was very close to the utlimate load of the specimen. This 
is shown in table II, where it can be seen that the value of 
the torsional moment causing failure "tu is seldom more 
than a few percent higher than the torsional moment causing 
buckling mtb, 

In order to express the torsional loads in terms of 
shearing stress, use has been made of the usual equation Of 
torsional shearing stress in a thin-walled cylinder: namely, 

7 "t 
=2At (1) 

This oquation is valid up to tho point of buckling and, 
aftor buckling, gives a fictitious average shoaring stress 
which, at failure, is analogous to the modulus of rupture in 
beams. using equation (l),valueS for 7% and Tu have 
been calculated and are shown in table II. 

In reference 3, Donnell derives a theoretical expres- 
sion for the ultimate strength of short and moderately long 
cylinders of radius II & II and fixed ends subjected to a pure 
torsional nomont. This equation is 

TuL2 2 

( ) 

195 
- = 5.06 + 
ma 

.42 + 1.88 $= (2) 

A plot of this curve is shown as the short dashed line in 
figure 7. 

A curve faired through the experimental points for cir- 
cular cs-linders (360' of unsupported skin) is also shown in -_--__ 



l 

?igure 7 as the long dashe; curve, indicating that the ex- 
r,erirnentnl values are somewhat less than those predicted 
theoretically. 

TJsinri: the same parameters for the semicircular cylin- 
ders (190" of unsupported skin) tho data from tab19 II have 
been plotted in figure 7. 4 study of this figure brings out 
the following points: 

1. For the longer specimens (L2/2ta G 10,000) the ul- 
timate strength of the semicircular cylinders is 
spproximately twice that of the circular cylinders. 

3. For the shorter cylinders (L2/2ta h 10) the semicir- 
cular cylinders have an ultimate strength which 
is only about 10 porcont greater than that of the 
circular cylinders. 

% 

- . . 
-.’ 

4 

3. That equation (2) could be used for designing semi- 
circular cylindera, and would be conservative for 
all specimens in which L4/2ta Was greater than 
330 and would not become exgessively nonconserv- 
ative down to a value of L /2ta = 100. A little 
later a more exact empirical equation will be 
given for the case of the semicircular cylinders. 

h 

The large increase in the ultimate strength of the 
lon,:er semicircular cylinders over t5at of the circular ~Yfl- 
Znders is explainable by a COnsideratiOn Of the buckle pat- 
tern of th9 two types of specimen. For moderatel~~ long . 
spaclr3~~s, the number of circumferential buckles is small 
(of tha order of 2 in 360'); hence the added restraint duo 
to support at 0' and 180' is quite effcctivo in delaying the 
buckling. Eorlrever, as the length decreases, the number Of 
waves incraases, so that the presence of the added restraint 
begins to loso its effectiveness. For the lowor limit of 
the cxuarimental data under discussion, the number Of cir- 
cumfcrontial buckles was of the order of 16 so that any re- 
straint would have an effect on only a small percentage Of 
the area going into the wave state. It is therefore proba- 
blc. ths,t for very short specimens, the experimental curves 
for the circular and semicircular cylinders would join since 
the effect of the rsstraint would become negligi3lo. 

Pure Torsion of Semielliptical Cylinders 

Considering now the semielligtical c:rlinders, it is im- 
nediatelz- obvious that conditions are quite different frdm 
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what they are in the semicircular cylinders. The radius of 

curvature on the circumference of a semielliptical specimen 
varies between a maximum value at the ends of the minor axis 
to a minimum value at the ends of the major axis, the magni- 
tude of these limits depending on the ollipticity and the 
depth of the cross section. Thus, ft may be expected that 
the specimen would first buckle in the regions of maximum 
radius of curvature, and, under further increase in load, 
these buckles would extend diagonally towards the nose. At 
the same time, as each section of the circumference reached 
its critical load, depending on the local radius of curva- 
ture, new shear buckles would appear and propagate slowly. 
Owing to the fact that the minimum radius of curvature is 

located at the nose of tho specimen, this nosa portion would 
resist buckling in such a manner as to act as a stiffener. 
Consequently, 3 diagonal tension field would be formed in 
the remaining portions of the spocimon. Under further in- 
croaso of the appliod load, the combined forces duo to the 
induced tension field and the direct torsional loading would 
soon reach a magnitude sufficient to Cause the collapse Of 

the relatively stiff nose and therefore brin;; about the Corn- 

plete collapse of the cylinder. 

Thus , it is seen that for semielliptical cylinders the 
buckling and ultimate loads are two separate and di-stinct 
points in the loading history and that the difference in the 
values of these two critical loads should increase with in- 
creasing ellipticity. It is apparent that this second 
st.atemont must be true when the relative values of the maxi- 
mum and minimum radii of curvature as a function of the el- 
lipticity ratio are considered, Similar conclusions wcro 
reached by Lundquist and Burke in r,eference 5. Visual ob- 
servations confirmed the above-mentioned conclusions as to 
buckle history, and the data given for these cylinders in 
tables III and IV show that the difference between the buck-: 
ling and failure torsional moments increases as tho ollip- 
ticity ratio increases. ' 

In plotting these data, the same parameters were tried 
as were used in figure.7: namely, 7Le/Et2 against L2/2ta; 
r*:here a is the semimajor axis of the ellipse. As can be 
seen from figures 8 and 9, thess parameters were satisfac- 
tory and tho oxporimontal points had comparatively little 
scatter from a mean curve drawn through them. The solid 
lines in these figures correspond. to equations (3) and (4). 
The curves of figures 7, 8, and 9 were then collected in 
figures 10 and 11, 



Figure 10 gives the torsional buckling strength of semi- 
elliptical cylinders as a function of the dimensions of the 
cylinder and the ellipticity ratio. It is seen here that, 
90 the ellipticity ratio increases, the buckling strength 
docreasos, other items being kept equal. This is in line 
with the previous physical discussion since the cylinders 
with the larger ellipticities have a larger maximum radius 
of curvature and would thus buckle at lower loads than cyl- 
inders with smaller ellipticity ratios. 

Figure 11, which gives the value of the ultimate load 
on such specimens, indicates that the cylinders with the 
larger ellipticities have somewhat better maxinum-torsional- 
momont-carrying abilities, This is due to the fact that the 
section near the end of the major axfs, having a small radius 
of curvature, acts as a stiffcnor, and that the largor the 
ellipticity, the greater the moment whfch can be developed 
before this offective stiffener collapses. 

s. 

A cross plot of figures 10 and 11 led to empirical equa- 
tions for tho buckling and ultimate loads of such scmiallip- 
tical and somicirculnr cglindors as follows: 

- 
c 

1. For the buckling s.trongth 

- = 1.60 -I- hh 
T$? 
P-La 

TbL2 
- = 1.60 + 

J' 
14.80 + 1.13 

-zt= 

2. l?or the ultimate strength 

I- ita u. = 1.60 -t- 
mG 

(3) 

(3a) 

(41 

b. 
in which a is the semimajor axis and p. is the maximum 
radius of curvature of the cross section, it can be shown 
that, for an ellipse, 

. 
? = ca 

0 



l 
ThE ~O,TagOin~~ c3cluatiorio are plotted in figxres 12 arrd 13 

VLth tile G+Br?.zicntai pofnts an5 5: ok- goiid agrocmonf; anii a 
rCaSOnabio ai3Ount of scattgr. !3?us , c3ou~ti~~s (3) and (4) and 
f!.cures 12 and IS C~J,I be consi5ered to-be :Itaaign equations 
aad design curves for sexic.irwilar and saoiulliptical Cyli?:- 
dors subjected to a pure toraio2e.l i:oE?ont. 

* 

On corqart.ng the .TreCuc:Lt results ~5th thoao of rsfsranco 
6 on coL:>Lete e'llistical cyl!uders, two frroztant dlfforences 
*i r t-3 n 0 t e i?. . For the sauce siiaet thickness ~RP.cI. lacgtb, an cl-- 
lintical cylinder buckles :~t a lower str,zss tl;an a circular 
cpl-indcr of radius po; vhile for scnicylin?ars a hi;;hor 
str03s is roached, !EL;o ZC3.3 0:'; for thi_s 150s in the fact 
that it WE;S irlposeib1o to zont;truct the elliptical cylindorc 
aithout a eli&t lo0ser,ass Of -t-de Ski?i at the end3 0f the 
minor axis (cJg., r. 2 c i r$i'er??nct3 a>, thus intro&Acing a 
rather large effect of initial Lrregxlarititis into 52-o buck- 
ling-tust roauits. Tkis was L;ct tke CC~;.UC in the s&iel&Lp- 
tical. cylinders, since the coas%ructior. trjchnkq7~e used elk- 
5natuJ thfs difficulfg. Vitlr rEtqard tr2 fhc ultinate strcn;:tLs, 
the chief difference lies 2n tit4 pressnso ef the nulti~lisa- 
tiv3 24 facto2 in the garcz5te-r for thr: sa~ieLliptiua1 
cylinders, .&I atteizzt tr> dutcct -tLc ;STG t3c1a;:e of thin 13amc3 
term In the r0sUIts of reference 5 was l13Suc*:eSsfuil, becaUse 
of the narrow rango 25 slliuticl5iss 
USUai amount of UXpGriEoi2.tai sCE,%ter. 

f65t3d congled with the 

A 3: iri the case of ?;KS torsian, It is r,ccesaary to de- 
fine the critical iOrIi?.3 .32 pure bonding in +.orms of 3Uifab'Sle 
StraMsOs. Bo accoE$~lish t?L5.s, Use has besn xado of the EC?- 
a?~1 bsarr! equstfol7., 

5%~ values af stress 4v09 by tlr?-:', s cL!uatioa 05-32~1& rc.pro 3 2~ b 

the tr-be stress in tllZ specimens tesiod ug to ths point of 
bucklirrg. 3eyond tki-s point, the stresses civen arti of a 
fictitious nature, O?V!siP..~ tc thc3 fact that the r;c-ltra.'1. :xie 



of the test specimens wrll shift toward the tension side of 
the specimens as the buckle doformations increase on the 
compression side. Extonsomotors mounted to the spocimons 
during tho tosting procedure were used to check equation (5). 
In figure 14 are plotted sample curves of the experimentally 
determined stresses on the tonsion and the compression sides, 
prior to buckling, as a function of tho appliod bonding mo- 
mont. Z?or comparison, stross values calculated from equa- 
tion (5) aro includea. It can bc seen that a linear and 
synmotrical stress distribution exists before buckling takes 
place for oath of tho throo oxamples shown and that the 
agroomont botwcon the actual and calculated strossos is 
quite good. The fact that the calculated stresses are lower 

, for each of the three cases plotted is merely a result of 
the soloction of the oxamplos and is not typical of tho tost 
data when considered as a whole, as can be seen in the upper 
curve of figure 15, where a comparative summary has been 
made. The scatter of the data about the line for unity in 
this figure can bo attributod to the inherent difficulties 
in making stress measurements on curved, thin-walled sections 
by means of mechanical extensometers. The experimentally de- 

4 termined values of tho bend;lng stressos, aftor buckling has 
taken place, substantiate the shi'ft in tho neutral axis; how- 
ovor, tho influonco of tho local buckle doformations is SO 

. groat on thaso readings that thoy havo little practical sig- 
nificanco. 

The first series of tests consisted of semicircular 
cylinders of various sheet thicknesses 2nd lengths subjected 
to pure bendIn 

7 
moments applied in the plrLne of the vertical 

spacer blocks the plane of the minor axis for E = 1.0). 
Prior to the specimens reaching their critic& load, the 
skin covering remained unbuckled; however, at this point in 
the loading history, the compression side of the spocimons 
would suddenly buckle into a large number of characteristic 
elliptical and diamond-shape patterns, all directed inward. 
Although this buckling phenomenon was quite violent at times, 
the applied bending loads had little tendency to arop off at 
this point. If the loads were increased, the buckle deforma- 
tions would increase rapidly both in magnitude and scope, in- 
dicating that the sheet covering had already reached its ul- 
timats stress and that the load was being supported by the 

* cover-plate system alone. This conclusion appears to be well 
substantlafed by the fact that the maximum load reached (at 
cover-plate failure) was independent of the geometric vari- 
ables of the sheet covering and was solely a function of the 
cover plate thickness. For thZs roason, it has bQQn assumed, 
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in the discussion that follows, that the buckling load was 
also the maximum load that could be carried by the semicir- 
cular shell. 

The results of this siries of tests on semicircular 
cylinders are presented in table VI and figure 16. The re- 
sults have beon correlated by using a reduced banding strass 
K, in which 

R= 'ba - = abPo (6) 
Et Et 

This nondimensional stress coefficient is analogous to that 
used in reference 6 for axial compression stresses. 

. 

A study of figure 16 indicates that the reduced bending 
stress coefficient K gives a satisfactory paramoter for 
plotting the data for a gonoralizod curve for semicircular 
cylindars under puro banding. The scatter of the experimen- 
tal points is not only reasonably small but is random in na- 
ture. 

l 

The oscillatory nature of the curve in figure 16 was at 
first questioned, but a study of reference 6 indicated that 
such a length effect might be oxpoctcd. Bafcrcncc 6 con- 
tains a linearized theory on the length effect of cylinders 
under axial compression, and the final results show a length 
effact that is qualitatively similar to that shown in figure 
16. The necosssry condition for such an effect was that the 
number of buckles in the complate circumforonco of tho spoci- 
mon must rcmnin indcpondont of the length of tho cylinder. 
A careful check of the data on the number of buckles at 
buckling of the semicircular specimens showed that they var- 
ied only from 8 to 10 in range of L/P, g s from 0.33 to 
11.30 and PO/t's from 147 to 313, and that the variation 
was random in nature, On this basis, it is thought that the 
shape of the curve in figuro 16 is at least tcntativoly 
justified. 

In comparing the failing stress of semicircular cylin- 
ders under pure bending with the failing stress in circular 
cylinders under the same loading condition (see rofcronco 
7 and p, 466 of reference 8) it is found that'the value of 
K is much smaller for the semicircular cylinders than it is 
for the full circular cylinders for the same value of P& 
Part of this difference is explainable by the fact that, for 
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c 
the full cylinders, any seams in the cylinders were placed 
on the neutral axis of the specimen; while, in the case of 
tho semicircular cylinders, the soams wcro located in rc- 
gions of maximum tension and compression stress. 

In an effort to determfne experimentally the effect Of 
saam location it was decided to construct and tost a scrios 
of of circular cylinders in pure bending under conditions 
similar to those of the semicircular cylinders. These 
specimens COnSiStQd of circular end plates approximately 6 
inches in diameter, to which were attached tho thin shoot 
covering in exactly the same manner as previously described. 
The seam or seams were formed by lapping the edges of the 
sheet and fastening them together by means of tlro rows of 
closely spaced, carefully fitted machine screws. These 
screws were not tightancd axcassivcly, En order to kacp the 
deformations of the sheet covering across the seam to a mi-n- 
imum, 10 obtain the complete effect of the seams, four ar- 
rangements were selected: 

1. One scam located on the neutral axis 

2. One seam located on the tension side 

3. One seam located on the compression side 

4. TWO scams located on the tonsion and compression 
sides 

t 

All these specimens were tested in tho testing machino 
shown in figure 3, and the rosults aro PrQSCnted in'tabla r 
and figure 17. The roducad buckling stress shown for tho 
circular specimens with the single seam on the neutral axis, 
when compared to the similar specimens of referonce '7, shows 
rathar good ngrecmont. Yith tha scam on the tension sfda, a 
small reduction in stress is obtained; while, for the single 
seam on the compression side, the buckling stress is lowered 
still further. For the specimens with seams OG both top and 
bottom, the reduction in stress is greater than the sum of 
the second and third configuration. All these buckling 
strossos arc considerably lowcr than the value given by the 
classical theory and show clearly the influence of discon- 
tinuities in the specimen. 

. The dotted curve in figure 17 indicates the load car- 
riod by thasa spccimcns immcdlataly aftcr buckling and sho?rs 
that all specimens tend to fall on the same curve. This 
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P last phenomenon is explained by the recent work of K&m& 
and Tsien (reference 9) on the nonlinear buckling problem. 
In this paper, it was shown that there exist two buckling 
equilibrium points, one of which is closely given by the 
classical linearized theory, the other by the nonlinear the- 
ory. This latter equilibrium point was shown to exist at a 
much lowcr stress than the former point, and buckling could 
occur at strassos anywhere bstwoen these two limits, depend- 
ing on initial imperfections and eccentricities in the shell 
and on the presence of external disturbances such as vibra- 
tions. Generally, buckling would be characterized by a sud- 
den jump in the applied load to the value corresponding to 
the lower equilibrium Doint. This dotted curve then corre- 
sponds to the lower equilibrium point of full circular cyl- 
inders under bending. 

The lower curve of figure 17 gives the values for the 
semicircular cylinders tested, and it can be seen that the 
K value for these specimens is still lower than the minimum 
point for the circular cylinders. The buckling of these 
semicircular cylinders was characterized by the fact that 
the applied load had little tendency to jump at the buckling 
load. This would imply that the specimens had buckled at a 
stress corresponding to the lowest possible equilibrium 
stress and never exceeded this valua at any previous tima in 
their loading history. The cause of such a condition's exfst- 
ing is undoubtedly the fact that the presence of the support 
system, including the cover plates, introduced small but 
sufficient amounts of initial eccentricity and irregularity 
into the sheet covering to cause failure to occur at the 
minimum point. This can be understood when it is considered 
that the cover plates were necessarily located at the most 
highly stressed point on the circumference of the specimen. 

In view of the foregoing discussion, it is thought that 
figure 16 given a satisfactory design curve for semicircular 
cylinders subjected to pure bending. The values obtained, 
while considerably lower than those obtained for full cir- 
cular cylinders, probably will give a better approximation 
to the actual case of the nose section of a wing and there- 
fore should be used for nose-section design where applicable. 

Fure Bending of Semielliptical Cylinders 

I During the testing of the semielliptical cylinders sub- 
jected to pure bending loads, several experimental observa- 
tions were made which will be discussed before presenting 



. the quantitative results. These specimens, upon reaching 
their buckling load, deformed into a typo of wave patternin 
the large radius of curvature regions that was ontiroly dif- 
ferent from that of the semicircular cylinders. Tho buckles , 
that appeared wore dofinitoly of tho characteristic flat- 
plato type for both ollipticitios tostod. Thoso large shal- 
low circular or elliptical buckles covered the major portion ..- --- __ 

of the compression sides of the curved sheet covering and 
were different from the flat-plate type only in that they 
were all directed inward. In a manner similar to that de- 
scribed under the pure torsion tests, the small radius nose 
portions of the specimen behaved as if they were stiffeners, 
and actually formed the lowor boundaries for the buckle pat- 
tern. The formation of the buckles was characterized by the 
facts that the buckling Was not of a particularly violent 
nature and that there was no noticeable decrease-in the load- 
carrying ability at the point of buckling. 

I As the load was increased beyond the buckling load, 
these same buckles increased in amplitude and scope until 
they approached quite close to the boundaries formed by the 

.? plates, the cover-plate system, and the nose of the section. 
Upon further application of load, these buckles created much 
smaller indlJced buckles, particularly in the four cornors Of . tho affected region. in no case, however, did the noso por- 
tion fail first since the point of collapse was always dic- 
tated by the strength of the cover plates. This is as would 
be expected, since the loading was pure bending and increas- 
ing the amount of material in tho cover plates would have 
tho same effect as increasing tho size of the spar caps in a 
wing. The data obtained are therefore directly applicable 
t0 Wing DOS8 Section design. 

The results of this series of tests are given in table 
VII and table VIII, and these data have been combined with 
the test results in table VI on semicircular cylinders to 
give the curve shown in ffgurc 18. This curve shows consid- 
erable scatter, but retesting ar-d rechecking points indicated 
that the scatter was random and was inherent in the specimens. 
For that reason, the suggested design curve shown in the fig- 
urc is placed near the lowor limit of tho points rather than 
through the mean of the experimental points tested. 
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Tb.is suggested design curve can be represented by the 
equation 

Ia5 f* 6 

Ob 
1 0 iL = 
l!l t 

1.70 + 0.15 0 $ (7) 

or 

PO lb5 
= 1.70 + 0.15 ;;-; 0 (8) 

This can be written as 

or 

3Ll70 t 
0 

1.5 

E ' L 

Equation (9) is plotted in figure 19. 

=b 
- = 1.70 
E 

(9) 

(10) 

There is some indication that the number of buckles in 
the buckle pattern of the specimens accounted in part for 
the wide scattering in figure 18. P-urther theoretical study 
may justify this presumption, but until more data are avail- 
able it is thought that equation (9) or (10) will give a 
suff%ciently conservative value of the critical buckling 
stress of semicircular or semielliptical cylinders undor the 
action of pure bending. 

Bending-Plus-Torsion Tests 

The bending-plus-torsion tests were made on the machine 
illustrated in figure 5. The loading was so arranged that a 
constant ratio of bending moment to torsional moment was ap- ---'. 

..- 

plied to the specimen up to the failing point. Buckling was -- 
noted both visually and with the aid of stress-strain meas- 
urements taken in the specimen during loading. The bending 
and shearing stresses were calculated from the equations 

mb M-b O= -=- (11) 
It Is 
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(12) -- 

3ub s cr ip t s b asd '1 in tile tamG18S corre.s~ond t0 
?I-.:,ckl in< and ultimate stresses, respectivel-y. 738 va1U8S 
for u? . L G' T -0 0' and 711 !:ler8 0 taken from figures 18, lo, 
236 11 , res;;ectively. 

"'le test data for these specimens are tabulated in ta- 
-3les TX, Ii, 
3.0, 

rnd XI for ellipticity ratios of 1.0, 2.0, and 
respectively. 

20 to 25, 
These data have been plotted in figures 

in which figures oack ellipticity is considered 
s epo.r.aS ely. A study of theso fi_,gures led to the COnClUSiOn A- chat single curves would satisfactorily represent the 

-.--- 
rela- 

tionshi_us between =-&b, znd WmtbI Tb/TbO Sr-d Mb/mtba 
2. ii 6. Tu/ Tu ozd 0 W% _ and that the introduction Of the 

L 
ellipticitg ratio into the ultimate bending-stress ratio 
<av8 one curve for all ellipticities of the form Ou/ cab 0 
n.s a function of It Was necessary to ::se the ratio 

Of the Ultimate compressive stress to the buckling compres- 
sion stress (with no torsion) since, .as was discussed under 
Pure Zending, the failure Sending stress for pure bending was 
solel;r a function of tile size of %he cover plates, correspond- 
ing to the size Of the spar caps in a normal wing. 

The coabined curves are shown in figures 26 t0 25, and 
it can be seen that, although considerable scatter is present, 
a consistent trend of the stress ratios with a variation in 
the E/mt ratios is indicated. 
tables IX, X, and XI, the tiean 

For the ValU8S of bbo in 
CUrV8 Of figure 18 Was used 

throughout . For the ultimate values, design curves have been 
indicated which approximate to the lowor limits of the cxperi- 
mental dat:L. 

. 

If thexe SUggeSted design curves are cross-siotted, 
5-L 

Dlotting - - 1 as a 7, 
tz CqJ function of - for constant values 

0 Tuo 
of Kqml / m c,. , it is found that 
lowing eo-ktion is obtained: 

a curve expressed by the fol- 

1 '371 --'+ 
E %, ( ) 

2 
TU -1 
7 UO 

03) 
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This eauation will give conservative results for all values 
or' %lmtu and therefore can be used for design purposes. 

A cross plot of the buckling curves (figs.26 and 27) 
indicates that a similar equatiOn will- give a satisfactory 
first approximation with.considerablo scatter (as indic%fad 
in figs. 26 and 27). Thus, 

a 
= 1 (1-f:) 

The buckling and failure wave patterns of these sFeci- 
mens depended large137 upon the I:,'mt ratio. For large val- 
ues Of this ratio, tpgfcal diamond-shape compression waves 
appeared when the buckling stress was reached and for small 
values of this ratio diagonal shear waves appeared. Inter- 
mediate values led to wave patterns which l?ere combinations 
of these two types. Failure of the cylinders occurred across 
the nose (minimum radius section) of tho spccimcn for the 
cases when the torsional shearing moment waa high and in the 
cover plates when the bending moment w~t3 high. This fact 8x- 
plafns the reason for the relatively larga scatter in the ex- 
perimental data for the larger v~luos of the It/mt ratios. 
The higher values of the experimental stresses correspond to 
specimens in Which the cover plates were strong enough to 
permit the development of the full tOrsiOnal Shearing 
strongth of the section 30 that failure finally occurred 
across the nose section. 

Comparison betyreen measured and cals-alzted stresses in 
the regions below buckling are shoprn in the second curve in 
figure 15 and also in the upFsr curve of figure 30. It is 
seen that the scatter is rando,m in nature and is of the 
order of magnitude that would be expected GIher measuring 
thin sheet stresses t;ith mechanical ~xtensometer?. 

The last four lines of tables IX, X, and XI are for 
specimens with lengths shorter than the standard length Of 
12.5 inches, which was held throughout the other tests. It 
can be seen that the test data for these specimens plot 
satisfactorily on the curves for the other specimens, indi- 
eating that there is no new length effect which appears for 
this combined loading. 

- 
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The bending-plus-shear tests were conducted on the test- 
ing machine shown in figure 6. Two lengths of specimens were 
tested, 6.5 and 16.0 inches, and the usual three skin thick- 
nQ66es and threo %lLiptiCity ratios were COVered. Tho moment- 
to-shear ratio was varied by the position of the jack on the 
extended loading arm. As previously described, the weight Of 
the extended loading arm is separately balanced out and no 
tare readings entered tho loading force. 

The data for these specimens are tabulated in tables 
XII, XIII, and XIV. The equations used in reducing the data 
ware : 

mb F Ill 
Ub = w=- 

It It 

F 
'67, = r 

6 

I, 

(15) 

(16) 

m2 
M 1 Is It m--z- 

E-=bIt Fb (17) 

Only the buckling data have been recorded and reduced, 
since ultimate failure was, in nearly every case, caused by 
cover-plate failure. Thus, ultimate failure could be delayed 
indefinitely by increasing the cover-plate size (correspond- 
ing to an increase in spar-cap size). .A few cases in which 
the Mb/ F’b ratio was very low (small moment but large shear) 
actually failed across the nose section, but the number of 
these specimens was not sufficiently great to allow the draw- 
ing of any general conclusions. 

The value of ub in the tables was obtained, using the 
0 

mean curve of figure 18. The resulting values of Qbh3, 
show a scatter which is generally no more than that shown in 
figure 18, which indicates that very little additional scat- 
ter has been put into the points by the addition of direct 
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shear to the pure bending load. Scatter was particularly 
bad for the elliptfcity ratio of 3. However, this was to be 
expected, since these specimens were very hard to make with- 
out initial deformation6 near the ends of the minor axis. 
Also, loads for these specimens were quite light and the ac- 
curacy of measuring these light loads had a tendency to de- 
crease. 

The data in tables XII, XIII, and XIV have all been 
plotted in figures 31 to 45. Figures 31, 35, and 41 give 
the variation of u-Dk30 as a function of the M'A'b / Fb ratio 

and, as mentioned before, the scatter tends to increase as 
the ellipticfty ratio inCrea6c6. 

4 

. 

The results for the shear stress at buckling are plotted 
in the remaining curves. This shear stress is taken a6 the 
average shearing stress,distribution. Each set of curves 
for a given ellipticity ratio has been collected and re- 
plotted in figures 35, 40, and 45. The scatter on these 
curves ie not so high as that indicated for the bending 
Stresses, which would tend to indicate that the distribution 
of the bonding stress botweon tho cylindrical shoot and tho 
cover plates may not have boon accurately given by the I,& 
ratio, a6 was assumed.. 

Bo attempt Va6 made to determine a 
"b /'6bo ratio, 

since it was impossible to obtain a value for 7 6bo' 
There- 

fore the value of 
T6b 

has been presented simply as a func- 

tion of the ?Jb/Fb ratio. 

Again, extensometor readings were takon below buckling 
to check the calculated value of the bending stresses, and 
the results are shown in figures 15 and 30. The scatter 
shown.is random and is of the order of magnitude expected 
when using mechanical extensometers to measure stresses in 
thin sheet structures. 

The data contained in this report are intended t0 serve 
a6 a guide to the pO66iblO buckling and ultimato load-carry- 
ing a-Dilitios of wing no'se sections. In most casas those 



l 
NACA TN No. 957 24 

2088 sections can be approximated by ellipses, and for this 
reason the elliptical section has been used for test purposes. 
The data and curves presentad should give tho dosigner a con- 
sidorablo insight into the behavior of such sections under 
pure loading conditions a6 well as conditions of combined 
bending and shear and combined bending and torsion. The 
problem of combined bending, torsion, and shear has not been 
studied in this investigation and future investigation6 should 
study the effect of all three loading conditions and should, 
if possible, make an attempt actually to measure skin stress 
distributions by means of electric strain gages in order to 
obtain a more complete otress distribution pattern. 

A summary of the design equations and curves for the 
conditions studied is given as follows: 

1. Pure Torsion 

a. Puckling 

3 

. I 

TbL2 J - = 1.60 -I- / 14.30 + 1.13 
3-t 2 y/ 
(See fig. 12.) 

b. Ultimate 

TuL2 
- = 1.60 -!- 
3% 2 J 14.80 + 1.18(Ii;t:%)l=6 

(See fig. 13.) 

2, Pure Bending 

a. Buckling 

=b -= 
E 

(See fig. 19.1 
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b. Ultimate 

ITo ultinate curve Since UltiRIat6 lOad is a 
function of the cover-plate 6tr6ngth. 

3. Bending Plus Torsion ' 

a. Zuckling 

(See figs. 26 and 27.1 

b. Ultimate 

1 
E 

=u 
( 
7uya = 1 

ObO -+ ‘u,i 

25 

(See figs. 28. and 29.) 

k. -. Bending Plus Direct Shear 

a. Buckling 

3euding stresses - Figures 31, 36, and 41 
for ellipticities 1, 2, and 3, respectively. 

Shear stresses - Figures 35, 40, and 45 for 
ellfpticities 1; 2, and 3, respectively. 

b. Dltimate 

Eo ultimate values, since the ultimate stress 
is largely dependent upon cove,r-plate strength. 

Guggenheim Aeronautical Laboratory, 
California Institute of Technology, 

Pasadena, Calif., July 17, 1944. 
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TABLE I 

Tensile Properties of 24%T Aluadaum Alloy 

Sheet Umd in Spsoimens Tsstod 

speoiman 
Ho. 

Loading 
direotion 

relative Exro~ 6yP % 
to grain (lb./$n.2, (lb./ia2/ (lb./in.') I 

XT-1 
MT-2 
MT-S 
MT-4 
MT-S 
MT-6 
MT-7 
HT-8 

-MT-9 
MT-10 
MT-11 
MT-12 
YT-US 
MT-14 
W!-15 
MT-16 
HT.17 
HT.19 
MT-20 
HT-A 
HT-B 
MT-C 
MT-D 

0.03.01 With 10.85 69100 
o.ol.02 R 10.71 sl000 66500 
0.0099 A*rO88 9.94 44600 6Ssw 
0.0098 R 10.08 46600 66100 
0.0175 Uith 10.48 62800 68700 
0.0174 11 10.49 51200 69600 
0.0174 hf3r’QSl 10.44 44900 68100 
0.0175 n 10.43 44800 66900 
0.02Ob With 9.44 49soo. 69300 
0.0206 [ I 10.02 a2600 70600 
o.oql4 Asrow 9.76 

I 
46800 67600 

0.0204 0 10.24 44800 669#0 
0.6519 With 11.18 SSSOO 728de 
3.m20 w 10.60 susoo 72100 
O.aslJ5 AWO88 11.20 47100 71200 
i).OW3 w 10.6l 47600 708Qo 
o.am3 Uith 10.6s s2suo 706m 
0.0367 AWO88 16.47 46800 69400 
o.oa66 I 10.01 43800 69900 
0.0210 with 10.00 s4ooo -* 
0.0210 AOl-088 10.00 46300 mm 
4.0166 a 9.80 48600 I* 
0.018s (I 10.00 46l@O - 

I 



. . 
I 

. t 

Sp0. 

TlO. 

P&Q 
Pr-10 
n-11 
R-12 
R-l.3 
R-14 
R-16 
R-26 
R-27 
R-Z8 
R-29 
R-R 
R-P4 
R-20 
R-21 
R-2S 
PT-24 
PT-83 
w?i2 
?r-ss 
R-SO 
R-21 

(iz., 

0.0190 
I 
. 
I 
(I 

0. ol60 
” 

0.0200 
(I 

o.ol60 
n‘ 

0.0104 
0.0102 
0.02m 
0.0200 
0.0160 
0.0160 
O.OlOS 
0.0206 
0.0200 
o.ol60 

n 

64.0 
II 
II 
n 
" 
n 
)I 

18.0 
II 
II 
n 
n 
n 
6.6 
II 
II 
II 
n 

2.5 
m 
" 
(I 

TA0IE II 

TOrsional Strength of Send-Circular Cylindera, l= 1.0 

246-T p- 0.3 IS - 10.5 x 106 lb./in.2 b - 8.01 in. 

6840 
8850 
8X40 
8220 
0230 
6060 
!%O 

12300 
0240 
7sQo 
7030 
2900 
2800 

18040 
1948) 
I.2040 
11980 
4OCO 

23760 
24700 
l!DCQ 
USgo 

9000 5740 
8800 mm 
9iml 6740 
a220 5540 
w80 160 
6Mio 4680 
m20 4190 

12s80 7640 
19240 8190 
moo Bldo 
0830 60.60 
2960 P640 

1Ei 1:Ei 
194a, 12010 
12840 9920 
12l6Q 9210 
46QO 4690 

23760 14660 
24700 lS26Q 
ylu0' 11680 
18390 14200 

(lb.%n2, 

110 1790 
5760 1790 
mm 1700 
140 1660 
8590 l&l0 
4680 2oBo 
Ml0 I.640 
7840 476 
8170 KB 
6100 09s 
l30m 817 
s540 814 
3020 83.2 

11140 114 
12010 US 

9920 169 
9590 147 
960 162 

14660 22.2 
16eBD 25.2 
lS230 27.9 
142CO 33.8 

2 

* Et 

1040 
1790 
1620 
I.660 
l600 

1940 
475 
SM 
6oa 
587 
814 
841 
114 
125 
1.69 
150 
182 
22.2 
25.2 
31.2 
31.1 

L2 
2G 

Lets 

p, 

10110 loll0 
" . 
(I I 
I n 
I . 

l2010 12010 
II . 

2lso 2lSO 
I II 

2660 2660 
" II 

4100 41cJO 
4l.00 4180 
sn SSI 

I n 
489 459 

I b 
6f3 651 

61.0 La.9 
" n 

64.9 64.9 

2J-l 

L2EG 
2ta 

10110 
II 
" 
II 
n 

12010 
. 

2lSO 
. 

2660 
(I 

4100 
4l80 
3: 

439 
I) 

66l 
a.9 n 
64.8 n 



. 
I 

. 1 

t. 24S-4 /L- 0.5 E - 10.3 x lC+ lb./h2 b - 3.01 in. 

Spat. 
BO. (in”., 

54.0 
16.0 

. 
II 
I) 
n 
I( 

6.6 
I 
I 
. 
. 
I 

2.6 
n 
II 
I 
(I 
I 

*b %I 
(h-lb.) (h-lb.) (lb.% 2j . (lb.x.2, 

R-16 
R-48 
R-49 
R-B5 
R-71 
PI-72 
R-66 
m-22 
R-47 

2-E 
R-60 
R-62 
R-35 
m-36 
R-J4 
R-37 
R-51 
R-54 

0210 
0.0200 

" 
0.0170 
0.0187 
0.0106 
0.0164 
0.0200 II 
0.0177 
0.0160 
0.0104 
0.0101 
o.oeOO 
0.0200 
0.0160 

. 
O.Ol[w 
0.0101 

9260 
10390 
10240 
suxl 
5600 
2000 
1lWO 

16006 
16660 
10 
10500 
Qooo 
2800 

2268) 
24280 
lS930 
lb270 
4ooo 

1om SlQO 3620 
ls!BO 3'760 4920 
we60 3710 6020 
0650 woa 4200 

10490 2590 4860 
4240 lsqo 29oa 
3670 I.260 2570 

2smo BBS0 BE20 
lH60 BOOC 7126 
14100 4260 8780 
14m 4760 6ml 
475Q 2100 3350 
mm 2020 S640 

28760 8670 10450 
sB3db 8850 12930 
2610 8520 11180 
IO90 7870 10480 
6700 2820 4700 
6480 I- 4640 

z 3 z& L2 ?!k Et2 

812 920 
234 SO6 
231 Sl2 
196 S62 
213 408 
264 636 
280 .X90 
67.0 07.4 
61.6 73.1 
55.7 76.6 
76.4 a02 
79.7 126 
81.2 146 
19.0 16.8 
lS.4 10.6 
15.0 26.6 
1'7.6 24.8 
la.2 27.4 
a- 26.6 

rAEIs III 

'fordma Strength af Semi-Elllptieal Cylindem, 6 = 2.0 

L2. 
xi- 

4670 
1110 

. 
12130 
1280 
2010 
2050 
185 

" 
196 

m 219 
588 
348 

27.1 
n 

32.1: 
I 

m.1 
l7l.E 

L2&+3 
2tp, 

2880 
700 

n 
786 
806 

1270 
1290 

115 
n 

mm 
1400 

II 
1mo 
1610 
2530 
2wo 
230 

II. 
126 250 
138 276 
21s 426 
220 439 

17.1 34.5 
I 11 

20.5 41.0 
" n 

31.0 63.6 
52.6 65.C 



SpsO. 
180. 

R-l? 0.0200 34.0 
A-18 II 16.0 
Pr-19 D n 
R-44 II 'D 
R-68 0.0176 II 
R-69 0.0174 n 
R-70 0.010s * 
FT-45 0.0200 6.6 
R-46 1) . 
R-SO R . 
R-a 0.0176 . 
PM1 0.0173 I 
R-67 o.om (I 
FT-fs4 0.0102 n 
R-40 0.0200 2.6 
m-41 R n 
PI-42 11 II 
m-as 0.0160 II 
R-39 R n 
R-*96 o.om I) 
R-56 0.0099 " 

. . 

TmAuml Strength of Suni-Elliptioal Cylinders, & = 5.0 

249-r p= 0.3 E - 10.3 x 10' lb./ia2 b - 5.01 in. 

(i?lb.) 

BOB0 
TooQ 
6800 
6600 
5.500 

-- 
14420 
9200 

lsmo 
Two 
SVM 
2600 
3ooo 

25900 
26coo 
24400 
I2860 
11.580 
s.sm 
4ooo 

40 rb 
(i&-lb.) (lb./in,2j 

12240 
17640 
la00 
16400 
12160 
12300 
4600 

2oaIo 
17860 
26200 
17810 
15590 
6020 

6630 
45800 

1560 
1600 
1760 
1750 
1610 
-- 

-w 
41m 
22900 
WF360 
7900 
6920 

3700 
2360 
SSSO 
2050 
16SO 
I300 
1mo 
6550 
6670 
6260 
4140 
3620 
1750 
2080 

(1bk.e. 

3140 
4620 
4of30 
3960 
5560 
$630 

if:. 
4660 
6460 
5080 
4570 
3010 
ss40 

ll7m 
-- 

10QO 
7360 
7570 
3960 
4644 

p59 
112 
Loo 
" 

129 
-- 

38.0 
24.2 
54.2 
27.6 
22.4 
60.3 
69.8 
0.06 

10.1 
8.50 
Q.81 
8.59 

10.0 
13.1 

883 
281 
254 
246 
264 
w 
19 
52.8 
47.0 
66.4 
68.2 
62.8 

116 
as2 
17.8 

15.9 
17.5 
18.0 
22.6 
29.2 

$6 ti 
2ten 

L?Eti 
Tiz- 

3200 1640 4610 
709 340 1020 
. I " 
" . n 

806 SB7 ll60 
818 592 1160 

ls80 86s 1990 
117 56.2 169 
" n I 
1 (I II 

134 64.4 193 
I.35 64.9 195 
226 110 829 
240 115 346 

17.s 8.31 26.0 
m II n 
I . It 

21.8 10.5 31.4 
_ (1 n " 
35.7 16.2 46.6 
2X.0 16.8 50.5 

. 
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?A.BLEV 

Bending ScrengM of Circular Cylinders 

a = 3.0 ill. L=6.6k. rJa=2.l6 

24%T P = 0.3 E = 10.3 I 106 lb./h2 

wa 
HO. 

PB-1(x( 
PB-104 
PB-102 
P5101 
PB-110 
PB-109 
PB-106 
m-106 
P&u2 
-107 
FSloB 
FS115 
WIu7 
m4l9 
PB-l?!l 

t 
(in. j r#t (it?lb., ( l?hal% ./ . 2 Bslaarkr 
0.0206 146 16Osc) 50800 0.656 0.250 Seam on U.A. 
0.0205 147 16200 27800 0.596 0,214 " " " 
0.0162 lg6 11600 25200 0.454 0.240 " " " 
0.0160 188 11820 26ocnl 0.476 0.266 " " " 
0.0102 295 Km0 17?ioO 0.494 0.279 * " " 
o.m94 529 3080 115cJo 0.51 0.264 " " " 
0.0199 151 16190 26600 0.420 0.219 " a T. side 

m I 16530 27400 0.405 0.262 " " C. side 
0.0194 156 lsrro 24mo 0.365 0.2s " " " " 
0.0206 147 w470 C!3100 0.529 0.220 * " P. and C. Side8 
0.020s 146 13460 2saOo 0.355 0.261 " " " " " " 
0.0160 166 mo 20500 0.374 0.262 n " " " " * 
0.0155 194 9460 am0 0.405 OrSlO w " m " " " 
o.cmM 289 II870 0.324 Q.264 ' " " ' " * 
0.0100 300 3600 0.369 0.287 " " " " " " 



. 

. 

. 

Sp. 
no. 

PB-33 
P&33 B 
PE14 
PB-14B 
PFJ-SB 
PB-568 
P&S3 
PFI-BB 
PB-24 
PB-245 
PB-87 
PB-SPB. 
PE39 
PB-59B 
PB-6 
?B-f;B 
PB-6 
PB-6B 
PB-18 
PB-18B 
PB-11 
PB-11B 
P3-17 
PB-17B 
PB-21 
PI+21B 
P8-9 
PB-27 
PI!-!%? 
?B-49 
?E-s4 
FB-s4B 
'B-43 
?B-46 

0.0212 34.0 1.818 4.706 14210 
n II I) n I 

0.024 16.0 1.759 4.620 148.2 
R " n n m 

0.0160 " 1.369 4.168 168.1 n " " " n 
0.0098 n 0.836 2.545 507.0 

" . n II )I 
0.0204 12.6 1.749 4.712 147.6 

n n n n VI 
0.0154 * 1.402 4.201 185.4 n n n I, (I 
0.0096 11 0.810 2.m9 316.2 

11 11 II " I 
0. 0200 6.6 1.714 4.5.50 160.5 

0 n " 11 n 
R n " II II 
n n n n II 

0.0207 t9 1.775 4.693 146.3 
" n " 1) 11 

0.0176 n 1.498 4.:31 172.0 
" b " n I 

0.0106 n 0.9oQ 2.667 285.7 
n . II b . 
n I n 2.716 II- 
n n II II " 

0.0198 2.5 1.969 4..691 162.0 
0.0200 n 1.714 4.649 160.5 
0.0161 2.6 1.376 4.189 187.0 
O.O09!i I 0.810 2.497 316.1 
0.0205 1.0 1.765 4.706 146.9 

I m I (I II 
0.0163 n 1.S96 4.176 184.6 
O.CiW6 11 0.028 2.508 3w.o 

, 1 

TAELB VI 
Bending Strength of Semi-Circular Cylinders, & - 1.0 
24S-T p= 0.3 It - 10.3 x 106 1b./%11.~ b = 3.01 In. 

(24, (is, P& 

-. 
L/PO 
11.x 

n 
5.31 
" 
(I 
I 
" 
I 

4.16 
b 
* 
I 
A 
I 

2.16 
11 
I 
n 
n 
n 
11 
I 
11 
n 
n 
n 

0.6s 
n 
" 
II 

O.SS 
" 
I 
(I 

%I 
(in.-lb., 

194.60 12281 
19476 12270 
19950 15000 
18200 11860 
1.675C ll.s70 
lFieC0 1144i) 
6330 5290 
46@C 5660 

23300 14860 
2265C 14470 
16450 11770 
16700 11960 

.53!a 7010 
5775 6920 

24OOC 16900 
23cm 16200 
21800 14400 
23ooo ls200 
26150 1660G 
24200 15600 
17870 12400 
20500 14200 
7000 7890 
728) 8170 
8370 9280 
7250 8040 

I.6600 10900 
187Fjo 12130 
16S60 11800 
4110 4950 

22m 14420. 
22750 14660 
18260 15140 
4260 -5090 

2.01 
2.01 
2.26 
2.. 08 
2.86 
2.87 
3.29 
2.96 
2.53 
2.51 
2.84 
2.86 
3.63 
3.78 
2.86 
2.73 
2.s 
2.73 
2.85 
2.63 
2.72 
3.11 
3.66 
3.79 
4.51 
3.73. 
1.99 
8.17 
293 . 
2.70 
2.49 
2.62 
3.20 
2.74 

. 4 

1 
PO 

11.50 
n 

6.31 
n 
n 
n 
11 
n 

4.16 
II 
ii 

.n 
" 
w 

2.16 
, n 

" 
" 
n 
11 
" 
" 
n 
" 
n 
n 

0.83 
II 
" 
b 

0.53 
II 
n 
n 



. 
1 

- 

TABLE VII 

Bending Strength of Sanl-Elliptiml Cylinders, L= 2.0 
' 24%T p= 0.3 E - 10-S x 106 lb/in2 b = 3.01,111, 

sp80. 

IO. 

F'B-16 0.0208 16.0 3.119 6.029 579 1.53 2.65 8000 3990 1.91 2.m 
PB-1GB " II " n n ” n 

0.?46 
loo00 4990 2.58 II 

PB--59 0.0165 " 2.468 F. 2a9 730 n n 0.00274 5940 3400 2.30 II 
PB-59B " n " b " R (1 n 5820 3340 2.26 II 
w-25 0.0198 12.5 2.967 5.902 609 1.04 2.06 0.00328 9900 so!xl 2.60 2.m 
PB-2.58 " n n * n 11 ,I n 10.500 mi3F;o 2.75 II 
PB-40 0.0165 " 2.460 5.261 729 m n o.co274 7soo 4160 2.80 II 
PB-40B " 11 )I n n " II n 6680 3820 2.m 4 

PB-si3 0.0095 ” 1.418 3.112 1266 ” ” 0.00158 1500 145Q 2.24 II 
PB-SBB ' ' " " 11 n * 

a:152 Lb 
1410 1360 2.10 " 

PB-3 0.0210 6.5 6.019 !i7s 0.540 o.m3Ko 177cfi 68Fio 4.15 1.06 
PB-IB II n I " n n II 11 15700 7850 3.69 n 
m-19 0.0205 " 5.070 6.047 687 ' " 0.00340 13050 6WO 3.17 (I 
PB-19B a n n n II n n n 15300 7550 d.72 n 
PB-10 0.0173 " 2.591 5.367 696 II I 0.00207 10700 6000 8.77 n 
PB-15 0.0106 " 1.561 5.399 1135 " R O.M3176 2000 1790 2.54 n 
PB-15B " " It II II b b II 2550 2100 2.74 n 
PB-7 0.0205 2.5 5.074 6.040 588 0.208 0.42 0.00540 9800 4B80 2.35 0.42 
PB-78 ' . n I I b 11 )I E 6190 3.02 0 
PB-28 " R n 6m (I I I II 5140 2.n n 
PB-28B * !a II " II " . n 

0.00276 
9400 4710 2.30 II 

PB-5S 0.0166 " 2.474 6.276 726 ' " 8840 5040 3.37 n 
FB-Ij3B " II I) " I) . I, n 6410 4800 3.21 11 
m-54 0.0100 " l&2 s.230 I.202 I . o.ool.69 1410 I.310 1.87 n 
pB-54B ” * . n * II n II 1940 1250 1.79 I 
PB-35 0.0210 1.0 5.165 6.117 574 0.06S 0.17 o.ocs49 lQ7BD 9760 4,60 0.17 
m-SW " I( * n A It n n ZlsOo 10520 4.96 11 
I%-44 o.ol85 " 2.468 B.288 729 ” H 0.00274 14000 7950 5.S6 . 
PB-48 0.0094 " 1.402 3.078 1280 * l 0.00156 3140 3080 4.8s I 



. . . . , 

speo. 

IlO. 

FE-26 
PB-67B 
PB-s5B 
PB-2s 
PQ-2SB 
PB-42 
PB-42B 
PB-41 
PEHlB 
PB-2 
PB-2B 
PB-20 
PB-POB 
PB-13 
PB-1SB 
P3-22 
PB-22B 
PB-12 
PB-12B 
PB-8 
W-8B 
m-b 
PB-2BB 
PB-Q 
PlHlB 
PB-60 
PBGOB 
PB-56 
PB-SGB 
PB-45 
PB-47 

0.0199 
0.0168 
0.0098 
0.0206 

R 

0.0166 
* 

0.0095 
a 

0.0200 
n 

0.0207 
n 

0.0175 
n 

0.0179 
n 

O.OlOS 
(I 

0.0199 
m 

0.0200 
n 

0.0166 
n 

o.ooB5 
n 

0.0212 
a 

0.0169 
0.0092 

(2) 

$6.0 
n 
n 

12.5 
n 
n 
n 
a 
n 

6.5 
n 
n 
n 
a 
n 
n 
n 
n 
tl 

2.5 
n 
R 
n 
n 
I) 

2.5 
n 

1.0 
(I 
a 
n 

TAELE VIII 
Bending Strength of Sai-Blliptioal 

285-T /l& - 0.t L = 10.5 x 106 

(k.41 
4.266 
5.575 
2.069 
4.410 

n 

5.641 
n 

1.982 
(I 

4.284 
I) 

4.450 
n 

3.745 
W 

1.8SO 
n 

2.196 
n 

4.262 
(I 

4,284 
n 

S.S7S 
n 

2.025 
n 

4.544 
a 

S.SB5 
1.961 

It 
b.“) 

7.169 1561 
6.177 1715 
5.812 2760 
7.285 1515 

n n 

6.343 1692 
n n 

5.675 2910 
n n 

7.120 1564 
n n 

7.370 lSO9 
n n 

6.549 1549 
n n 

6.724 1513 
n n 

5.976 2626 
n n 

7.298 US1 
n n 

7.200 WSS 
n n 

6.154 1714 
n n 

5.755 2848 
n n 

7.552 1279 
n n 

8.295 17OS 
5.661 2940 

P& 

0.590 1.77 
n n 
n n 

0.461 1.58 
n n 
n n 
n n 
n It 
n n 

0.240 0.72 
n n 
n n 
n n 
0 n 
n n 
n n 
n n 
n n 
n n 

0.092 0.28 
n n 
II n 
n n 
n n 
n n 

0.092 0.26 
n n 

o.oS7 0.11 
n n 
n n 
n n 

% 

0.00220 
0.00175 
0.00109 
n.00231 

n 

0.00184 
n 

0 0010s 
n 

0.00221 
n 

0.00229 
n 

o.ro194 
n 

0.00198 
n 

0.00114 
n 

0.00220 
n 

0.00221 
n 

0.00175 
n 

0.00108 
n 

0.0023s 
(I 

0.00176 
0.00102 

. . 

(irzlb.) 
sb 

(lb./in.2) 

5400 2270 
2430 1180 
910 718 

6ooo 2480 
4s70 1890 
WBO 2.560 
!iooo 3280 
1000 818 

n n 

7650 

:8= 
10400 
3900 
4800 
5800 
5900 
ls50 
1200 
7400 
8450 
7660 
7260 
SllO 
2890 
2170 
1450 

16GriD 
18880 
lmoo 

2700 

szso 
s480 
5600 
4260 
1750 
2210 
1700 
2640 
1020 

907 
5050 
3480 
3210 
so40 
1620 
1410 
1760 
11.60 
6820 
6760 
6220 
2220 

2.w 
1..57 
1.95 
2.21 
1.69 
3.16 
2.94 
2.40 
2.40 
3.01 
5.24 
3.19 
3.76 
5.00 
2.62 
1.87 
2.91 
2.m 
2.29 
2.87 
3.27 
2.99 
2.83 
2.02 
1.87 
4897 
3.27 
5.66 
5.78 
8.18 
6.65 

PO 

1.77 
n 
n 

1.38 
n 

0 
n 
n 
(I 

0.72 
n 

" - 
n 
n 
w 
n 
n 
n 
n 

0.28 
n 
n 
n 
n 
n 
n 
n 

0.11 
n 
n 
n 



. . . 

K 
E-1 

-S 
-6 

1; 
-0a 
-20 
-88 
-28B 
-so 
-a? 
-S4 
-53 
-a7 
-sa 
-40 
-42 
-49 
-61 
-I 
"$6 
-57 
-a, 
-72 
-74 
-76 
-76 
-80 
-82 

-64 
-0% 
-67 
-67B 

TABIXII 

Bsnalllg Phn ram1on ?eets 
E - 1.0 E - lo.s I l@ pd 
A-4O.Bq.in.,L-l?,.5in. 

0.0196 O.OS22 1.679 4.690 lO6w 11100 lOtlo 11100 TWO 6990 7060 6090 la0 0.604 o.SO4 8360 a560 O.aS6 O.aS6 S860 5960 0.552 0.332 
0.019S 0.0521 l&54 4.s4a 9600 9350 1oBw 1OlW QKI ciw 7020 646d 15783 0.462 0.462 8100 8100 O.PTa 0.798 1400 sa60 O.SM O.SS2 
0.011 o.ctl21 l.BEs 4.648 16000 Boo0 18860 9860 ll920 6760 l26W 629d 1578) 0.668 0.9Sl 910 6lW 0.711 0.7?7 6640 7090 0.727 0.714 
0.0174 O.WlS 1.489 4.Sl2 BWO WOO 0200 9eoQ 6420 65'Lo 6420 6s~q 117w~0.649 0.540 7630 76W 0.666 0.6513 S170 1170 0.S4.5 O.SlS 
0.017S 0.0517 1.461 4.2a6 BOW 9000 9660 9900 6120 6420 6020 7006 11660 0.S42 0.894 7490 749!3 0.867 0.9S4 Slw 9410 OlS46 0.34a 
0.0172 d.OSl6 1.472 4.269 S6w a656 lOOO0 loo00 8080 6210 7080 7180 lb300 0.S22 0.608 7410 7U0 O.BS8 0.868 2970 3460 O.S44 0.346 
0.0206 0.0821 1.78s 4.698 16WO 9WO la000 9WO llM0 Q#O llS40 ~J@O 162SO 0.7610.767 6940 a940 0.6(8 O.B(B 6760 6760 0.75 0.753 
0.0206 O.OS2l 1.786 4.666 6800 IdSo 6900 lSS@O 4~70 a&O -4~70 800~ 14970 0.292 0.292 a660 8a60 0.009 0.9Og 2680 26SO 0.102 0.192 
0.02OLl O.OS20 1.714 4.622 6100 1100 6lW 12SOO SQ90 7lEO S9So 766d 0.897 0.897 2ZgO 2260 0.164 0.184 
0.0208 0.0820 1.766 '4.691 66w lS2w 66600 15200 42w 79m 422Q 'mm 

14sIO 0.273 0.27s a4SOj64S0 
l&Z%0 0.279 0.279 a940 6Q40 O.QSl 0.9Sl 2480 2480 0.186 O.laa 

0.0165 O.OS21 1.411 4.2l9 4000 T6w m 1cKxx) 280 6720 S6So ,m lww 0.261 0.527 7180 7190 0.707 l.om U&l 1870 0.178 0.187 
0.0166 O.OS17 1.~6 4.228 44W 9800 4600 9200 3140 62W 5260 67& 11160 0.261 0.294 7440 74.40 0.840 0.911 16W h?OO 0.176 0.169 
0:0169 O.OS16 1.446 4.244 UOOO 6400 lSOw 688) Q2lO-4670 QQ&J & 11240 O.BeO 0.881 7S20 7&30 0.622 0.666 MS0 47S0 0.699 0.690 
0.0166 o.mu l.Ug 4.209 1%~ ,200 16460 a400 1~0.~60 114&j 6264 llC60 0.929 1.0617260 7260 O.?S8 0.662 4920 66M) 0.669 0.661 
0.0100 O.Ol96 0.6& 2.832 1100 2270 16600 S2w l290.2610 .mo SgsO Sl2.0 0.262 0.867 Se80 SDS0 0.712 1.001 SS6 I2 0.161 0.166 O.ooBg O.Om o.644 2.625 aoo 27sO sm sooo s210 suo Slar a7@j SOM) 0.6S6 0.682 5670 9670 0.6a2 Cd?9 800 896 O.SSO 0.321 
O.OCW 0.02Os 0.844 2.637 2400 12W 4690 2300 2740 1BM 6240 2660 KS080 0.542 1.C06 5870 S870 0.188 0.744 768 1470 0.640 0.640 
0.0212 o.m29 1.819 4.859 2800 1sfxm 2800 lsrbob 1714.7860 1740 79~ 11340 0.110 0.110 aaao aaao 0.664 0.864 1040 lop0 0.077 0.077 
0.0210 0.~3322 1.801 4.761 21600 66W 22656 !BX! ld680 S220 M4W s&d 11m 0.675 0.920 a710 6710 0.570 0.401 al80 8640 1.497 1.466 0.0210 0.C0SS 1.802 4.782 21OW S8M) 26wO 48X0 lS2SO 2060 la110 2010. 39850 0.844 I.158 a710 9710 0.2~5 0.3~4 79ioicm 2.2ao 2.198 
0.0204 0.M24 1.71io 4.7OS IBOw 1600 277~ 2760 limo loa0 1~7m ~60. 14680 0.774 l.l92 a760 6760 &US 0.169 6690103oo 3.716 S.708 
0.0170 O.CnW 1.41 4.278 1886 94W 1996 0400 lSS0 690 .lS76 tWj0 11290 O.lls 0.128 7620 7620 0.806 O.ER 646 649 O.me 0.030 0.0169 0.05111 1.4% 4.24~ 1~ 5500 149SO 3620 0040 250 la40 ~40 1uW 0.667 0.040 710 7530 O.SM 0.m 47780 ImO 1.566 l-411 
0.0166 O.ai14 1.4Sa 4.206 lSW0 2240 10460 SOi33 9SW l6SO MaB) 22&l ll.200 O.aSl 1.240 7440 7440 0.222 0.801 4440 6663 1.992 2.180 
0.0167 0.0510 1.420 4.164 lSJ90 5660 17960 4.9800 10860 2680 l29SO SIXit llle0 O.Oa6 1.161 7TKI 7150 O.SSB 0.48S 6200 6l20 1.461 1.276 
0.0104 0.0196 0.887 2.689 4800 1460 66lO 1670 6560 174.0 76Kl 2610 S470 1.01tl l.Sw 4210 4210 0.416 0.477 0.0099 O.Ol!X 0.846 2..%4 500 2500 900 4mO mguo .lao -0 6210 0.118 0.204 S880 5690 0.906 1.450 l640 22$ l66 ;.Ep' . ;&S$ . 
0.0105 0.0202 0.995 2.66s 4.300 800 Qm 1170 6(20 0% -mo 3880 550 0.000 1.290 4290 42PO 0.2l9 0.322 1610 2120 2.015 1.910 
0.0106 0.02w 0.904 2.704 4900 610 62w 6w QSo,6w 6990 ,W 8610 O.Om 1.246 4570 4S70 0.157 0.160 1600 2100 S.lI? 8.50 

0.019S O.OSU 1.65 4.5lS 13580 14000 US80 14WO 9040 a98 SO40 9980 W7lKI 0.669 0.658 6820 6620 1.111 l.Sll 4980 4960 O.SM 0.554 * 
0.0195 O.C6l6 1.61 4.6lS 10870 107W 10910 1OWO 7140 6640 7SlO 6840 18963 O.SU O.sS2 6620 6820 l.W.4 1.004 SD10 S910 O.S9D 0.589 * 
O.OlB6 0.0316 1.672 4.t32 16470 15SSO lS470 16680 10290.994.0 10290 9840 14040 O.TSS 0.71s 6660 6680 1.406 2.lSl 6710 6710 0.567 0.587 l 
0.0195 0.0515 1.672 4.12 14ltlO 14400 14180 14400 9020.9lW 9420 Olw 14040 0.671 0.671 6&O 668[) 1.582 1.582 62SO IZSO O.S6S 0.588 * 

l L-6.13" 
** L-2.6 Ei 



. 

TAOISX 

. 

2 
P 

Eldlng Fllm TOreion Testm 
& - 2.0 E - 103 Id pai z 

A - 68.9 L - 12.1 in. 2 . 

OT-2 O.OlQ6 O.o%?l 2.QS9 6.842 6400 
-4 0.0195 0.0919 2.924 5.610 6oQo 
-5 0.0194 o.oS19 2.909 5.?92 7200 
-8 0.0175 0.(1920 2.621 6.454 6mo 
-10 0.0176 0.1X19 2.666 5.501 6600 
-12 0.0209 0.1X20 S.lS4 6.&X 6000 
-14 0.02oB O.m21 3.119 6.067 UKK) 
-16 0.0206 0.ml6 S.089 RR35 4OW 
-3.E 0.0169 0.0517 2.561 6.S26 4COO 
-20 0.0169 O.OS19 2.Edl 5.519 6OW 
-22 0.0167 O.OSlS 2.601 5.260 2800 
-24 0.0172 O.CSl9 2.576 RSO6 SOW 
69 0.6099 0.02oB 1.477 8.270 BOO 
-4s 0.0101 0.0209 1.507 s.sl.2 lQoo 
-45 0.0101 0.0204 1.m s.277 1710 
-61 0.0207 o.cci2o s.loo hai l6w 
-6s 0.0207 0.C32lS.lW 6.W MlFI) 
-65 0.0207 o.oS22 5.100 6.042 800 
-436 0.0207 O.Q2S S.lW 6.0!2l 7060 
-69 O.Ol69 O.Dsll 2.523 R27S l6OO 
-71 0.0101 0.O206 1.500 S.266 K!O 
-7s O.Olca 0.0206 1.F.m s.se1 l600 
-99 0.0170 0.0516 2.54S as25 6140 
-8s 0.0170 o.lxll2 2.545 6.805 Kao 

-86 0.0196 ox021 2.9Ss 5.610 6om 
~660.ol900.c0212.9S65.840 76no 
-88 dcm4 o.wl5 LOOS 5.785UlOOO 
-88AO.0194 O.cc316 e.Qos 5.766 6960 

l Lc6.B 
** L-2.e 

L 

65tM UOOO Id000 1100 2420 6690 4640 1300 SMO SRI0 0.622 l.SOO 0.664 0.669 S220 61150 0.4Q5 O.m2 o.6R) 
6ooO XC00 11820 SlOO 212O 625Q 4260 6290 36lO 5610 0.666 1.1610.604 0.772 SO20 6O40 0.61X 0.590 0.6X1 
S700 15700 6OW 9740 lS6O 6l60 So00 62li[) 5470 6460 0.712 1.554 O.SQ6 0.549 3620 7660 0.979 0.964 0.777 
6700 10500 1WSO 578) 2780 IB60 4540 4276 2BsO 5340 0.676 l.SSO O.QKI 0.662 1270 4960 0.466 0.476 0.665 
7ooO llCU30 11ooOS610 2880 6020 U60 4400 SC60 6220 0.820 1367 0.945 0.854 SlQO mS0 0.453 0.464 0.664 
SOM) lO6W 9700 tD60 1740 96riO SS90 5500 SBOO 6(#0 0.W 1.761 0.446 O.Bl SlOO lO2ZlO 0.620 1.054 0.66O 
EWO 7400 15401) 19QO 2600 %60 MOO 556q 3650 6960 O.S56 0.662 0.729 0.9O4 2080 8610 0.256 O.SM O.sSl 
BOM) 7700 16100 2OlO 2B4O 1660 La20 5470 3760 5660 O.tI67 0.708 0.751 0.W 2O60 S970 0.256 0.281 0.154 
2OOO 16ooO 6000 2260 860 9040 1440 4070 2610 4890 0.565 2.220 OJJC6 0.704 1000 76OQ 0.950 0.850 1.110 
SOW 166OO 76w) SSBO lSOO 6800 SSlO 4O74 2610 46900.6dO 2.160 0.469 0.676 2660 7400 0.060 0.966 l.c.80 
6.650 5650 10980 l505 2430 3240 4790 4C00 2750 '4760 0.401 0.610 0.9C0 1.001 lSS0 269O 0.235 0.246 0.405 
6Mx) 6200 I2600 l680 2620 3480 6320 41702920 4880 0.4Ri 0.6s5 0.662 1.080 14SO 2960 0.2d6 O.WS 0.418 
l200 2000 S69O 650 860 1640 2660 1864 1460 2F80 O.S26 l.bB6 0.886 1.14D 270 QOO 0.226 0.2tll 0.647 
660 WOO 2060 l644 610 6960 2OBO lQ7lj 1540 2606 0.677 2.669 O.Swi 0.79s 620 2680 0.054 0.9S6 1.4S4 
860 6020 SO70 1630 62O 5640 22BO 1870 1540 2600 0.645 2.962 0.W 0.646 7Q0 2770 O.OlQ 0.002 1.461 

sad0 8400 14260 806 bW 1700 5700 5480 WOO 6S60 0.146 0.110 0.787 0.696 620 3760 0.102 0.108 0.155 
2110 24CWM 6100 2030 740 l2O20 2140 54&j S6OO 860 0.924 2.193 0.194 O.SS6 ll0 I2510 2.465 2.O2O 1.096 
15OQ 24960 4S40 4tDO QO 12466 16eO 546q WHY 6sM) 0.621 2.271 O.lS9 0.10 4620 l2610 5.082 2.055 l.lS6 
760 276OO 2780 8480 240 ls7O4I 970 6480 W&l 6360 0.16 2.5W C.&Ed O.lW SmO 14100 5.110 6.070 1.250 

6oM) WOO lS2OO 920 4slO 1460 5660 4O7d 2610 46QO 0.226 0.164 l.IP 1.l60 770 124O 0.096 O.O94 0.162 
2800 1OOO 47CKl 460 1610 DLO 3406 l670 1540 2600 0.225 0.492 1.176 1.109 230 MO O.OQ2 0.086 0.246 
400, 7620 l670 1460 280 6800 ll60 l920 1570 272O 0.7UO S.540 0.176 O.UC 740 S46O 1.6sO 2.080 1.770 

lU0 21ooo S6tKY 4620 4W lb?40 1490 4lOtj 2650 47780 l.l26 2.692 0.172 0.118 SBQO 10030 5.470 2.665 1.446 
a00 2SWO 2270 2850 210 WloO 970 UlO 266-J 160 0.694 S.169 0.074 0.024 2400 11083 4.600 4.666 1.694 

6oaO1##012OCfO U402960 02W 4440 5l2b6660 8080 0.766 l.lQ 0.452 0.55l402O 6dsO 0.53s 0.602 0.675 l 

Boo0 l6lOr~ l6OP SW0 two 8540 6400 4tlOtj 6240 7740 0.610 1.705 0.474 0.770 (660 6090 0.46S 0.604 0.652 l 

moo15oool6m se202740 9270 raw 642q7uo 1ll5Do.96S l.5650.5m 0.534 9.320 604oo.502 o.w2 0.776 * 
5600 19~30 19900 4640 WOO 10150 72SfJ 5420 5050 l2S90 0.856 1.571 O.Ul 0.255 45lO 974O 0.610 0.409 0.916 l ' 



, . 

la5IsxI 
hlxllng Pllu TOdan matr 

E - s.0 L - 10,s I l@ pi 
A - QT.4 #q.ia., L - 18.6 In. 

5?-11 o.OlQ7 0.061 
-ls o.olQs o.ml6 
-16 0.0808 O.tXll6 
-1Y o.OxM O.(wlT 
49 0.0805 o.mlQ 
-lQA 0.0804 O.CS88 
-21 o.olQ5 o.Owf 
-2s 0.0175 0.0317 
-26 O.Ol06 O&405 
-89 0.0174 o.ml5 
-89 0.0196 0.0316 
-61 0.0176 0.0319 
-ss 0.0170 o.aw 
-44 o.ooQQ 0.0895 
46 0.0100 0.0602 
-47 0.0095 0.0808 
-45 0.0819 o.oal6 
-E&l o.oi?ll o.ml5 
-9L o&al o.mw 
-64 0.0808 O.Os27 
-64A od%!o8 O.rn87 
-66 0.0153 0.0619 
-m 0.0170 0.0612 
-60 O.Ol?O 0.0319 
-58 o.ol65 0.m80 
44 0.0100 0.0205 
-6T o.alw 0.08m 
45 o.wQQ o.omo 
-70 O.OlW o.aoo 

-56 o.olw o.oslQ 
-55A o.olQa o.mlQ 
-59 O.OlQ6 0.06lT 
-6QA 0.0196 0.96l7 4 
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TABIEXII 

. 

. 

, 

. 

Spee. f a 16 It 45 4 F Y zb Vb 50 
Ho. ill. ia* in* sq. in. in. lb. Fb Psi Pai Pai 

Bs-10 
-11 
-1lB 
-12 
-12B 

' %B 
-1SB 
-16 
-17 
-18 
-19 
-20 
-21 
-2lB' 
-22 
-2s 
-258 
-24 
-28-B 
-26 
-64 
-64B 
-66 
-662 
-66 
-68B 
-67 
-67B 
-66 
-66B 
-69 
-70 

0.021s 1.844 
n (1 
n n 
n n 
u n 
II n 
R W 
?I n 
n n 

0.0166 1.411 
PI tl 
n II 

0.0220 1.887 
0.021s 1.644 

II 0 
0.0166 i.411 

a n 
a n 
R n 
0 . n 
(I (I 

0.01a1 0.861 
I n 
0 u 
I) n 

0.0100 0.862 
tl I) 

O.OlOS 0.878 
n n 

0.0100 0.862 
n n 
n n 

0.0101 0.661 

6.161 
0 
n 

6.406 
6.650 n 

n 

6.650 
n 

6.089 
I 
n 

6.204 
6.181 

* 
6.089 

w 
R 
R 
I 
?I 

2.167 (1 
2.!24 

2.5s 
n 

2.811 
n 

2.56s 
u 

2.590 
2.617 

0.407 
tl 
I 
n 
8 
R 
(1 I a 
u 

fiSl2 I) 
1) 

0.416 
0.407 

0 
O.Sl2 

(I 
(1 
II 
II 
w 

0.191 u 
n 
II 

0.189 
u 

0.194 
m 

0.189 
n 
n 

0.191 

14.6 
80.0 
80.0 
29.1 
2S.l 
58.1 
S8.S 
Is.1 
4.9 

1::: 
14.8 
10.1 
64.8 
52.6 
10.1 
79.8 
6Q.2 
56.4 
SE.4 
56.1 
79.8 n 
69.4 a 
41.0 

11 
29.6 

19;s 

9.; 
n 

1670 1.757 
SlO 9.496 
270 9.496 
75Q 5.292 

1170 3.160 
640 4.15 
820 4.15S 
610 6.7.52 

es60 0.629 
960 0.451 

1140 0.951 
1040 1.546 
2620 1.210 
fso 7.700 

1060 5.865 
l$SO 0.951 
SO0 7;560 
260 6.480 
680 S.640 
140 s.R40 
690 S.SSO 
62 10.62 
64 10.52 
98 6.47 
7% 6.47 

x50 4.060 
114 " 
200 s.260 
160 " 
310 2.170 
260 " 
SlO 1.081 
sso 1.084 

310 9.800 
1690 1.790 

120 4.840 
SO0 2.185 

5650 
760 
660 

1840 
3870 
1670 
2010 
ll30 
I3760 
SO80 
5650 
5330 
6500 

860 
2560 
4260 

ii: 
1220 
1090 
2210 
S20 
540 
510 
SQO 
690 
600 

1000 
820 

1640 
x570 
1640 
16SO 

lSS90 
14410 
12690 
12120 
18140 
15060 
16710 
17250 
61M 
2780 
6810 
8990 

16210 
15220 
19900 
7986 

14160 
9100 
8650 
7750 

14710 
6670 
7100 
6690 
SllO 
6290 
5510 
6850 
5460 
7150 
6990 
smo 
5990 

16450 
n 
w 
II 
n 
n 

.?I 
tl 
11 

11lSo 
w 
II 

17050 
164SO 
164SO 
lllS0 

0 
a 
tl 
I 
R 

!!mo 
a 
(I 
(I 

sl60 
8150 

zs 
5160 

iE 
5360 

* -61B 
* -.56B 
* -69 
* -5QB 

0.0196 1.679 4.456 0.571 
0.020s 1.758 4.607 0.588 
0.0100 0.662 2.563 0.189 

n II n ?I 

79.9 
14.2 
41.4 
19.9 

840 16420 14slo 
4550 15660 ls2so 

650 5790 sl60 
1590 6960 6150 

* L = 16.0 in. 

Bending Plas Direok Shear Tests 
E-l.0 - B - 10.5 x 106 psi 

b - 3.01" - a, L - 6.Sn exoopt wherm noted 

0.814 
0.877 
0.780 
0.758 
1.104 
0.784 
1.019 
1.049 
O.S74 
0.260 
0.611 
0.807 
0.891 
0.806 
1.211 
0.714 
1.270 
0.816 
0.774 
0.694 
Ls20 
1.282 
1.S27 
1.2156 
O.QSS 
1.221 
1.070 
X.187 

f% 
11162 
0.692 
0.776 

I.331 
1.027 
$.12S 
IA50 
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TABLE XIII 

Bending Plus Shear Tests 
6 - 2.0 E - 10.8 x 106 psi 
b - 3.01 in. a = 6.02 in. 
L ~6.6 in. except where noted 

* L - 16.0 in. 
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Sp0l3. 
No. 

B6-34 
-34B 
-35 
-3sB 
-36 
-56B 
-56 
-5SB 
-72 
-75 
-7 5B 
-77 
-77B 
-79 
-79B 
-81 
-8lB 
-85 
-8SB 
-66 
-862 
-88 
-88B 
-90 
-9OB 
-92 
-92B 
-94 
-94B 
-96 
-9SB 
-97 
-97B 
-98 
-98B 

* -28 
* -28B 
* -29 
* -29B 
+ -30 
* -SOB 
* -Sl 
* -s2 
* 4s 
* -3SB 
* -62 
* -63 

t, 

in. 

0.0200 n 
n 
n 
n 
n 

0.0197 
n 

0.0101 
0.0105 

n 

0.0104 
n 
n 
n 

0.0101 
n 

0.0100 
n 

0.0104 
n 

0.0178 
n 

0.0170 
n 

0.0176 
n 

0.0179 
n 

0.0176 
II 

0.0173 
n 
n 
n 

0.02co 
n 
n 
n 
n 
n 
n 
n 
n 
11 

0.0197 
0.0100 

TABLE XIV 
Bending Plus Direct Shear Tests 
E= 3.0, E = 10.3 x lo* psi 
b = 3.01 in., a - 9.03 in. 
L = 6.5 in. except where noted 

Is 
in4 

4.284 
n 
n 
n 
n 
n 

4.219 
n 

2.152 
2.238 II 
2.216 

n 
I1 
n 

2.152 
n 

2.131 
n 

2.216 
n 

3.809 
n 

5.858 
n 

3.746 
n 

5.830 
II 

5.746 
n 

5.702 
n 
n 
n 

4.284 
n 
n 
n 
n 
n 
n 
n 
n 
n 

4.219 
2.121 

It 
in 4 

7.120 II 
n 
n 
n 
n 

7.089 
n 

3.879 
3.955 

n 

3.9s2 
n 
n 
n 

3.886 
n 

3.891 
n 

3.980 " 
6.636 

n 

6.408 
n 

6.549 
11 

6.660 
n 

6.572 
I! 

6.486 
n 
n 
n 

7.120 
n 
n 
n 
n 
n 
n 
n 
n 
n 

7.155 
5.864 

A, 
l3q. in. 

0.804 
n 
n 
n 
” 
n 

0.792 
” 

0.405 
0.421 

n 

0.417 
n 
n 
n 

0.405 
n 

0.401 
n 

0.417 
n 

0.716 
n 

0.685 
n 

0.703 
n 

0.719 
n 

0.703 
n 

0.696 
n 
n 
n 

0.604 
n 
n 
n 
11 
n 
0 
n 
n 
n 

0.792 
0.401 

44 

in. 

19.6 
n 

35.6 
68.9 
10.1 

11 
sJ.1 
77.5 
10.1 
19.5 

n 
23.4 

" 
29.6 

n 

47:4 
n 

59.4 
n 

79.8 
n 

79.8 
n 

59.3 
n 

58.5 
n 

29.6 
n 

19.6 
n 

14.5 
n 

9.8 
n 

89.4 
n 

19.6 
n 

S5.6 
n 

47.9 
68.9 
53.8 

II 
15.4 
24.0 

480 
920 
260 
110 
970 

1520 
1.50 
120 
130 
110 
100 
100 
74 

120 
81 
48 
41 
87 
53 
97 
46 
90 
90 

' 7.122 
13.70 
2.026 

" 
lO.tio 
lS.SS 
~ 1.870 

' n 
3.670 

4.363 
n 

5.506 
n 

6.752 
n 

10.84 
n 

14.79 
n 

16.22 
n 

120 11.20 
I 100 " 

14s 7.316 
185 n 

21s 8.662 
29s 11 
566 a.694 
570 n 

470 2.718 
570 n 

620 1.859 
680 n 

110 17.87 156 4160 
95 n 120 3 590 

670 5.924 640 6660 
450 n 540 5570 
530 7.122 410 4960 
350 " 410 4980 
230 9.m 290 4650 
146 13.77 180 42bO 
116 10.74 146 2620 
195 " 245 4440 
620 S.034 770 4030 

86, 4.S76 210 1680 

3 
Psi 

600 3970 
1160 7620 
325 3920 
13s 3210 

1210 4140 
1890 6490 
190 5560 
150 3920 
320 1020 
260 1650 
240 1480 
240 1780 
175 1520 
290 2710 
196 1830 
120 1720 
100 1470 
216 '4000 
130 2440 
250 68 -50 
110 2780 
126 6260 
125 3260 
17s ssso 
145 2780 
206 2670 
286 5270 
so0 2910 
410 3990 
SW 5440 
550 SSlO 
680 5150 
530 2440 
690 2820 
960 5100 

- 

2920 
n 
n 
n 
n 
R 

282b 
n 

1040 
1100 n 
1090 

n 
n 
n 

1040 
n 

1030 
n 

1090 
w 

2460 n 
2270 

tl 
2570 

n 
2460 

n 

5280 
R 

2S40 
n 
n 
n 

2650 
n 

. n 
k 
n 
n 
n 
n 
n 

27iO 
1010 

1.560 
2.606 
1.541 
1.099 
1.416 
2.220 
1.199 
1.s90 
0.981 
1.46s' 
1.55s 
1.651 
1.211 
2.48s 
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Figure 3c.- Exposed section of test 
specimen showing details 

qf construdtion. 

Figure 5.- Testing machine used for pure 
bending and bending plus 

torsion teats. 

Figure 4.- Testing machine and 
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torsion tests. 

Figure 6.- Teating machine u$x?d for 
bending plus shear tests. 
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Figure 14.- Comparison of experimental end celculeted normal 
stressear for pure bending (below buokling). . 
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normal stresses due to bending deformation 

taken just below the buckling load. 
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.Figure 29.- Ultimate ooapreosioa stress in sez.Lelliptlcal 

cylinders loaded in oending plce torslop. 



. 

* 

HACA TN NO. 957 FL&P. BC,Si 

I .4 

1.2 

I .o 

OS 

nr I I I I I I 
“.W 

0 2 4 6 a IO 12 14 16 

mb/ J m+ 
1.4 

12 

I .o 

0.8 

0.6 

BENDiNG PLUS’ 
SHEAR T-n 

Q I I 
a., &” 

A 

~ y: 6 n 
On a 

t i I i I I I I I I I 1 I I J 

0 2 4 IO 12 14 16 
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Figure 38.- Buokllng atrees in oompreeeion for bentilr;;; 
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Figure 37.- Tab for bending plus shear teats. 
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Figure 40.- rab for bending plus shear teats of semi-elliptical oyllndere. 
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Figure 44 - rsb for beMing plus shear rests. 
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Figure 45.- Tsb for bending plus shear tests of semi-elliptical cylinders. 






